ABSTRACT: The photodissociation dynamics of the thiophenoxy radical (C 6 H 5 S) have been investigated using fast beam coincidence translational spectroscopy. Thiophenoxy radicals were produced by photodetachment of the thiophenoxide anion followed by photodissociation at 248 nm (5.0 eV), 193 nm (6.4 eV), and 157 nm (7.9 eV). Experimental results indicate two major competing dissociation channels leading to SH + C 6 H 4 (o-benzyne) and CS + C 5 H 5 (cyclopentadienyl) with a minor contribution of S + C 6 H 5 (phenyl). Photofragment mass distributions and translational energy distributions were measured at each dissociation wavelength. Transition states and minima for each reaction pathway were calculated using density functional theory to facilitate experimental interpretation. The proposed dissociation mechanism involves internal conversion from the initially prepared electronic excited state to the ground electronic state followed by statistical dissociation. Calculations show that SH loss involves a single isomerization step followed by simple bond fission. For both SH and S loss, C−S bond cleavage proceeds without an exit barrier. By contrast, the CS loss pathway entails multiple transition states and minima as it undergoes five membered ring formation and presents a small barrier with respect to products. The calculated reaction pathway is consistent with the experimental translational energy distributions in which the CS loss channel has a broader distribution peaking farther away from zero than the corresponding distributions for SH loss.
INTRODUCTION
Sulfur-containing molecules are a major constituent of both fossil fuels and biomass, and the combustion of these materials results in the emission of many sulfur oxide (SO x ) pollutants. 1 Gas phase reactions of sulfur-containing radicals are of particular importance, as these highly reactive species can act as key intermediates in hydrocarbon combustion and have a major influence on the ultimate reaction products. 2, 3 It is thus of considerable interest to characterize the bond dissociation energies of these radicals and to identify the products from their unimolecular decomposition. Molecular beam photodissociation experiments provide a direct probe of the energetics and primary photochemistry of these species, thereby yielding a deeper understanding of their reactivity and their role in complex reaction mechanisms. Herein, we investigate the photodissociation of the thiophenoxy radical (C 6 H 5 S) using fast beam coincidence translational spectroscopy at 248, 193, and 157 nm.
This work is motivated in part by recent photodissociation experiments on the aromatic sulfur-containing compounds thiophenol (C 6 H 5 SH) and thioanisole (C 6 H 5 SCH 3 ). These species are important model systems for gaining a general understanding of the role played by conical intersections in dictating the photodissociation dynamics of aromatic molecules. Translational energy distributions for the H atom and CH 3 loss channels were determined using velocity map ion imaging 4−7 and H-atom Rydberg tagging. 8−10 From these distributions, one obtains the branching ratio between the ground state and first excited state of the thiophenoxy photofragment, thereby probing the nonadiabatic couplings among the parent electronic states as dissociation proceeds through various conical intersections. While the kinetics and reaction mechanisms involved in the production of thiophenoxy have been examined in some detail in the gas phase 4−10 and in solution, 11−16 its photochemistry is less well-characterized. Experiments in solution 13, 17 and gas phase 18, 19 have attributed two major absorption bands near 2.48 and 4.13 eV to thiophenoxy with tentative assignments of the transitions involved. Further study of thiophenoxy using laser-induced fluorescence following the photolysis of thiophenol and thioanisole found the origin of the first bright state to be 2.397 eV; 20 this band was assigned to the B̃2A 2 −X 2 B 1 transition. Recently, slow electron velocity-map imaging of the thiophenoxide anion has provided accurate values of both the adiabatic electron affinity (2.3542 eV) and the energy gap (0.3719 eV) between the Ãand X̃states of thiophenoxy. 21 It is of interest to compare the thiophenoxy radical to the more thoroughly studied phenoxy radical C 6 H 5 O. The thermal decomposition of phenoxy has been the subject of numerous experimental and theoretical studies owing to its central importance in the combustion of aromatic compounds. 22−26 The only observed fragmentation pathway of phenoxy involves rearrangement of the ring system to form cyclopentadienyl radical (C 5 H 5 ) and carbon monoxide (CO); it was determined that the mechanism for this reaction proceeds by initial formation of a bicyclic intermediate followed by the elimination of carbon monoxide from the remaining cyclopentadienyl ring. 23, 24 While this pathway presents a barrier to the formation of products, the thermodynamic stability of these products leads to a small ΔH°(∼1 eV) for the overall reaction. Other possible dissociation channels such as hydroxyl radical and ortho-benzyne formation or oxygen loss to form phenyl radical and O atom are substantially higher in energy (∼5 eV) and do not compete with CO loss as a thermal decomposition channel.
The corresponding dissociation channels of thiophenoxy 27, 28 are much closer in energy:
The enthalpy of formation of the cyclopentadienyl radical is still a topic of some controversy with a range of values from 2.5 to 2.8 eV reported in the last 30 years. More recent studies have favored the higher end of this range, and so to estimate the dissociation energy for eq 1, we used a value of 2.75 eV. 29 Herein, we report results on the photodissociation of the thiophenoxy radical at 248, 193, and 157 nm prepared by nearthreshold photodetachment of the corresponding anion, thiophenoxide. We obtain translational energy and photofragment angular distributions, P(E T ,θ), as well as branching ratios for the competing dissociation channels. These data indicate a statistical dissociation mechanism where absorption to an electronically excited state is followed by internal conversion to the ground state where dissociation occurs. In addition, we employ density functional theory (DFT) calculations and Rice−Ramsperger−Kassel−Marcus (RRKM) modeling to support our experimental findings.
EXPERIMENTAL SECTION
The fast beam coincidence translational spectrometer used in this study has been described in detail elsewhere, 30, 31 but a new detection system has been recently added and is discussed below. In this experiment, a fast beam of mass-selected thiophenoxide anions (C 6 H 5 S¯) is generated and photodetached to make thiophenoxy radicals. The radicals are dissociated by a second laser, and the neutral fragments are detected in coincidence:
Here, an ∼0.1% thiophenol/He mixture at 50 psi is expanded into the vacuum chamber through a pulsed molecular beam valve equipped with a DC discharge source to produce thiophenoxide anions. Resulting anions are then accelerated to a beam energy of 5 keV and mass-selected using a Bakkertype mass spectrometer 32, 33 that imparts negligible kinetic energy spread to the ion beam. Mass-selected thiophenoxide anions are then photodetached at 518 nm (2.394 eV) with an excimer-pumped dye laser (Lambda-Physik LPX-200 and Lambda-Physik FL 3002). This detachment energy is slightly above the electron affinity for thiophenoxy, 2.3542 eV, 21 so as to minimize the production of vibrationally excited radicals. Those ions that remain are deflected from the beam, leaving behind a fast beam of neutral thiophenoxy radicals. This neutral packet is intersected by a UV pulse from a second excimer laser (GAM EX-50F) at 248 nm (5.0 eV), 193 nm (6.4 eV), or 157 nm (7.9 eV). Photofragments from dissociated radicals recoil off the beam axis and strike a time-and position-sensitive (TPS) detector located 2 m downstream from the laser interaction region, while undissociated radicals are blocked by a 5 mm radius beam block in front of the detector. We perform coincidence measurements in which the positions on the detector and differences of arrival times are determined for both photofragments from each dissociation event, thereby yielding the translational energy release, scattering angle, and photofragment mass ratio for each event.
34, 35 From these, we can construct the translational energy and photofragment angular distribution, P(E T ,θ), given by the following uncoupled relation
where β is the energy-dependent anisotropy parameter and P 2 is the second order Legendre polynomial. For this experiment, θ is defined as the angle of the dissociation recoil axis with respect to the laser propagation direction as the unpolarized output from our GAM excimer laser was used for photodissociation. In this case, β takes on the values between −1 and 1/2 for parallel and perpendicular transitions, respectively. 36 We have recently upgraded our TPS detection scheme to a Roentdek Hex80 delay line anode detector. 37 Our previous TPS detector involved a microchannel plate (MCP) assembly with a phosphor screen and a charge-coupled device (CCD) camera for accurate position measurement and 4 × 4 multianode photomultiplier tube (PMT) array for accurate timing and rough position information. 31 The delay-line anode has the advantage of much simpler data acquisition and readout while requiring fewer detection components and less alignment for operation. The previous setup also had some limitations on timing recognition of neighboring particle hits that were encoded by the same PMT anode. While uncommon with traditional 2-body dissociation, dissociation into three (or more) fragments 38, 39 can result in two fragments read by the same PMT anode, resulting in a discarded data point. In contrast, the delay line anode allows more efficient collection of events with small interfragment separation.
The Roentdek hexanode and the principles underlying delay line detection have been described in detail elsewhere. 37, 40, 41 The detector comprises a Z-stack of three 75 mm diameter MCPs with a 40:1 aspect ratio mounted to a delay line anode consisting of three layers of delay lines. When an incident particle strikes the front MCP, an electron cascade is produced, and the resulting charge cloud that emerges from the MCP stack is collected by the three-layered anode. Each layer comprises one delay line along which the end-to-end signal transit time is constant (T sum ∼ 100 ns). Measuring the relative delay between the arrival times t 1 and t 2 of the counterpropagating signal pulse at each end of the wire yields one dimension of the particle position, e.g., x ∝ t 1 − t 2 . From any two of the layers, the two-dimensional (2D) position of the article is determined. The third layer offers redundant position information, minimizing the "dead zone" of the detector and allowing for reconstruction of data points when signal is lost or overlapped at the end of the delay line. The corresponding particle arrival times are obtained directly from the MCP stack. MCP and delay line signals are sent to a fast amplifier (FAMP, Roentdek) and consecutively transformed to a standard NIM pulse using a constant fraction discriminator (CFD8, Roentdek). Finally, these NIM pulses are fed into a time-todigital convertor (TDC8, Roentdek) to be written into onboard memory. The time and position resolution are estimated to be 100 ps and 100 μm, respectively. Based on calibration experiments using the predissociation from the B state of O 2 , 42 the kinetic energy resolution (ΔE/E) is measured to be ∼0.8%. Further information about the detector resolution is provided in the Supporting Information (SI-1).
In our experimental setup, the presence of the beam block and the finite radius of the detector lead to lower detection efficiency and larger error in the measured intensity for events with very low and high translational energies, respectively; this effect depends on the photofragment scattering angle as well. To account for these effects, the raw translational energy distributions are adjusted with a detector acceptance function (DAF). 35 The P(E T ) distributions and branching ratios presented here have all been corrected using the DAF.
RESULTS AND ANALYSIS
A. Photofragment Mass and Translational Energy Distributions. Using conservation of momentum, the product mass ratio is determined from the measured distance of the two fragments from the dissociation center at the detector. This leads to a fragment mass resolution that is mainly dependent on the diameter of the parent beam at the detector. The radical beam is on the order of 1 mm at full width half-maximum (fwhm) yielding a fragment mass resolution (m/Δm) of ∼10. 43 Due to the relatively low mass resolution on the photofragments, we examined the photodissociation of both C 6 H 5 S and C 6 D 5 S to better differentiate between S and SH loss. Figure 1 shows product mass distributions at 248 nm (5.0 eV), 193 nm (6.4 eV), and 157 nm (7.9 eV) for both the undeuterated and deuterated species with Table 1 listing the corresponding contributions for each mass channel and dissociation wavelength. For the undeuterated species, these distributions have peak masses near 44 + 65 (mass channel B) corresponding to CS loss (eq 1) and 33 + 76 (mass channel A). Mass channel A is closer in mass to the SH loss channel (eq 2) but could also be due to S loss (eq 3) or some mixture thereof. If SH loss is the major dissociation channel, the peak for the lightest photofragment in the mass distribution of the deuterated species should shift to slightly higher mass. However for S loss, this peak's position should be relatively unchanged. In Figure 2 , the mass distributions for the lighter photofragment of mass channels A and B are overlaid at each wavelength for C 6 H 5 S and C 6 D 5 S. We observe a small shift to higher mass for mass channel A, while for mass channel B the peak position is unchanged. This observation is consistent with SH/SD and CS formation. Furthermore, there is also a small isotope effect where deuteration leads to less population of mass channel A by comparison to the undeuterated species.
To gain more insight into the relative contributions of SH and S loss to mass channel A, the mass distributions at each wavelength were simulated using the experimental conditions and translational energy distributions (discussed below) with varying contributions of the possible product masses. At 248 and 193 nm, the best fit is obtained using mostly SH/SD, but the intensity of mass channel A is very low at 248 nm leading to more error in the simulation. At 157 nm, better fits are obtained when using approximately 2.5:1 of SH to S. A sample simulation is included in the Supporting Information (SI-2) with estimations of the branching ratios obtained from this method. In addition, kinetics calculations discussed in Section 3C further indicate that SH loss dominates over S loss at 248 and 193 nm and that S loss becomes more competitive at 157 nm.
It is clear that for both C 6 H 5 S and C 6 D 5 S, CS loss (mass channel B) dominates at 248 nm, but SH/SD loss (mass channel A) is much more prominent at 193 nm. At 157 nm, the combination of SH and S loss in mass channel A has more population than the CS loss channel. On the basis of the relative contributions of the two mass channels listed in Table  1 , we find the branching ratio of mass channels A:B to be Figure 3 shows the corresponding translational energy distributions for each fragment mass channel and dissociation wavelength. From energy conservation, the translational energy release of the photofragments, E T , is given by the following relationship:
where hυ is the photon energy, E int is the internal energy of fragments, and D o is the bond dissociation energy. Equation 6 assumes that the precursor radicals have no internal energy, a reasonable assumption since the anions are photodetached just above threshold (Section 2). Because SH and S loss are unresolved in the mass distributions, we cannot make distinct translational energy distributions for the two product channels. As such, mass channel A is treated as SH loss for the following analysis, but there may be also a small contribution from S loss especially at 157 nm. Also, the translational energy distributions for these dissociation channels are expected to be similar because both channels lack an exit barrier (Section 3B) and have nearly equal available energy.
At 248 nm, the maximum kinetic energy available to the fragments is 1.4 and 1.8 eV for the SH loss and CS loss channels, respectively. The translational energy distribution for the CS loss channel peaks at 0.22 eV and extends out to approximately 1 eV. For SH loss, the P(E T ) distribution peaks closer to zero (0.10 eV) and is sharper with virtually all of its intensity below 0.5 eV. Similarly, at 193 and 157 nm, the translational energy distribution for the CS loss channel is broader than that of the SH loss channel, but at the higher photon energies, the distributions are broader and extend out to higher translational energy than the corresponding distributions at 248 nm. The maximum available energy (E T Max ), peak translational energy (E T Peak ), average translational energy release ⟨E T ⟩, and the corresponding fractional average energy release ⟨f T ⟩ for each channel and dissociation energy are listed in Table 2 . The translational energy distributions for deuterated thiophenoxy have not been included, as they are very similar to the undeuterated species. Finally, all angular distributions were found to be isotropic, yielding β(E T ) values approximately equal to zero within the experimental uncertainties.
B. Electronic Structure Calculations. To gain further insight into the dissociation dynamics of thiophenoxy, electronic structure calculations of the unimolecular reaction intermediates and products involved in each reaction pathway were performed. Previous theoretical studies on the thermal decomposition mechanism of the phenoxy radical indicated the importance of high level electron correlation methods in reliably predicting the energetics of the isomeric intermediates along the thermal decomposition pathway. 23, 24 However, the relative energies of the transition states and intermediates calculated using DFT with the B3LYP functional gave reasonable agreement with higher level methods (RCCSD(T) and CASPT2) for phenoxy decomposition 24 and also performed reasonably well in a theoretical study of the ground and first excited state of thiophenoxy. 44 For this study, all equilibrium structures and transition states were optimized with DFT-B3LYP using the Dunning-type ccpVDZ basis set augmented with diffuse functions in Gaussian 09. 45 Minima and transition states were confirmed by frequency analysis and by following the intrinsic reaction coordinate (IRC) with DFT. These calculations were followed by single point energy calculations on the optimized structures using restricted open-shell MP2 (ROMP2) with the aug-cc-pVTZ basis set. Single point calculations at the ROMP2/aug-cc-pVTZ level theory with the DFT geometries were found to order the asymptotic dissociation energies better than DFT, so we chose this level of theory to calculate relative energies of the minima and transition states for each reaction pathway. Figure 4 shows the lowest energy reaction pathways and calculated energetics, including harmonic zero-point energies for both channels.
As is the case for CO loss from phenoxy, 23, 24 there are two possible routes for CS loss. The more energetically facile mechanism proceeds via the bicyclic isomerization pathway (shown in Figure 4) where the β carbons approach to form a new bond. The optimized geometries with C−C and C−S bond lengths (Å) along with the point group symmetries for the transition states and minimum energy structures for this reaction pathway are presented in Figure 5 . In Figures 4 and 5 , the primary nuclear motion corresponding to the imaginary frequency is represented by the dotted bond. The higher energy pathway (not shown) occurs by direct ring-opening through homolytic cleavage of the C−C bond of C1 with one of the β carbons. Our calculations indicate the initial transition state for the ring-opening pathway to be approximately 1 eV higher in energy than for the bicyclic pathway. Experimental kinetics data and RRKM calculations confirmed the lower energy pathway to be the preferred mechanism for phenoxy, 23−25 so this is the mechanism we focus on here.
The first step of the CS loss mechanism involves a pericyclic reaction where 1 passes through the first transition state, TS1, calculated to be 2.65 eV above the ground state of thiophenoxy, and then isomerizes to the bicyclic intermediate 2 (2.43 eV). This is followed by bond extension between C1 and one of the β carbons of 2 to form TS2 (2.64 eV) as the C1−C2−C6 ring system begins to open. Continuing along this path results in bond cleavage, leaving C1 bound to only one of the original β carbons to form 3 (2.32 eV). Finally, the highest energy barrier occurs at TS3 (3.58 eV) as the CS moiety departs from the five-membered ring to yield CS + C 5 H 5 . The dissociation energy for CS loss was calculated to be 3.37 eV, in comparison to the experimental value of 3.2 eV.
27−29
For SH loss, a hydrogen atom from one of the β carbons of 1 approaches sulfur to form TS4 (2.40 eV) then completes isomerization to the thiol radical intermediate 4 (1.44 eV). From 4, C−S bond cleavage proceeds without a barrier to produce the SH radical and ortho-benzyne at a calculated dissociation energy of 3.74 eV, slightly larger than the experimental value of 3.6 eV. 27 The optimized structures for this pathway are also shown in Figure 5 . Finally, S loss proceeds through a pathway with no exit barrier to C 6 H 5 + S. The dissociation energy was determined to be 4.00 eV in good agreement with the experimental value of 3.9 eV.
27
C. RRKM Calculations. RRKM theory 46 was used to model the relative kinetics for the competing dissociation channels. The RRKM rate constant, k(E), is given by
Here W † is the sum of states at the critical configuration while E o represents the relative energy of this configuration with respect to the reactant whose density of states is ρ(E). The sums and densities of states were evaluated using the Beyer− Swinehart algorithm 47 for calculation of the rate constants. All modes other than the reaction coordinate for both channels were treated as harmonic vibrations whose frequencies were taken from the electronic structure calculations.
To find the overall unimolecular rate constant for CS loss, we treated the following reaction mechanism
by applying a steady-state approximation to intermediates 2 and 3 ( Figure 3 ). This analysis results in the following expression for the rate constant for CS loss
SH loss was also treated by applying a steady-state approximation to following reaction mechanism,
which yields the following expression
To calculate the rate constants for k 5 and S loss, variational transition state theory (VTST) was used as these reaction pathways lack saddle points. For these calculations, the geometry was reoptimized with corresponding harmonic vibrational frequencies at defined C 1 −S bond lengths up to 4 Å. For both of these C−S bond cleavage reactions, the minimum rate was found near 3.5 Å, which is approximately 2r eq . Using the equations above, the rate constants for each dissociation channel were calculated as a function of photon energy from 4.5 to 8 eV and are plotted in Figure 6 . The rate constants for each channel at the experimental dissociation energies are listed in Table 3 along with the RRKM and experimental branching ratios. Values for the individual rate constants can be found in the Supporting Information (SI-3). 
DISCUSSION
The primary goal of this study is to determine whether the photodissociation of thiophenoxy results in dissociation on an excited state or by decay via nonadiabatic interactions to the ground state followed by statistical dissociation. This question can be addressed by comparing experimentally derived P(E T ) distributions and product branching ratios to those expected for statistical decay.
At both dissociation energies, the P(E T ) distributions peak at low translational energy that is significantly less than the maximum allowed E T for a given channel. This is characteristic of ground state dissociation as opposed to dissociation on a repulsive excited state, which often results in much higher fractional translational energy release. 48 To test more quantitatively for statistical dissociation, the barrierless SH and S loss channels (mass channel A) can be modeled with a prior distribution 49, 50 using the following equation
where E av is the available energy above the dissociation threshold, and ρ vr (E av − E T ) is rovibrational density of states of the fragments. For the simple model used here, the rotational density of states was treated as a constant. For the vibrational degrees of freedom, a semiclassical approximation of the vibrational density of states 46 was used. Although the translational energy distributions for mass channel A have contributions from SH and S loss, the prior distributions illustrate that the two channels will have similar translational energy release within a statistical interpretation. The calculated distributions shown in Figure 7 are in reasonable agreement with the experimental translational energy distributions.
For CS loss, the P(E T ) distributions are consistent with the presence of an exit barrier to the formation of the C 5 H 5 and CS products, resulting in more of the available energy going into translation. We find that the highest energy transition state is the final transition state TS3 where the CS moiety departs from the cyclopentadienyl ring. TS3 presents a calculated barrier of 0.21 eV with respect to products. The P(E T ) distributions for CS loss would then suggest that much of this energy goes into translation as is expected for the late "product-like" transition state found in the calculations.
The product branching ratios provide additional insight into the dissociation mechanism. They can be readily calculated within a statistical model using the RRKM calculations discussed in Section 3C. Within this framework, the branching ratios will be a function of both vibrational frequencies of the transition state and the available energy above the reaction barrier for each channel. For both the SH and S loss reaction pathways, C−S bond cleavage proceeds through a "loose" transition state where the C−S bond lengthens. This is in contrast to the CS loss pathway where passage through an initial "tight" transition state is necessary for the formation of products. Although the reaction barrier for SH and S loss channels is higher than that for CS loss, the loose transition state for SH and S loss leads to a k(E) that increases more rapidly as a function of the available energy. 49 Indeed, we find experimentally that the relative population of the CS channel decreases significantly with photon energy from 248 to 157 nm, where SH/S loss (mass channel A) becomes more favorable than CS loss (mass channel B).
This trend is well-reproduced in the RRKM calculations. The calculations indicate that the branching ratios between mass channels A and B are largely determined by the relative rates of the SH and CS loss (Table 3 ) and that S loss should be minor at 248 and 193 nm. However at 157 nm, S loss should be more competitive. This result is consistent with our simulations of mass distributions, which suggest that mass channel A is mostly SH loss at 248 and 193 nm but approximately 30% S loss at 157 nm.
At each of the wavelengths studied, the RRKM rates underestimate the contribution from CS loss in the measured branching ratios. Discrepancies in the calculated rates are likely due to error in the asymptotic energetics and in part to our assumption of harmonic vibrational modes for each dissociation channel. This assumption can be particularly problematic for the loose transition states associated with SH and S loss, since some vibrational modes might be better treated as hindered rotors. 51 Nonetheless, the overall comparison of the exper- imental P(E T ) distributions and product branching ratios with expectations from statistical dissociation strongly suggest that the photodissociation of thiophenoxy proceeds via ground state statistical decay. This conclusion then raises the question of how the photoexcited radical eventually finds its way to the ground electronic state. The excited states involved are still somewhat unclear. It is likely that at 248 nm (5.0 eV), there is population of the 3 2 B 1 state with a vertical excitation energy calculated to be approximately 4.2 eV. 44 This state has strong oscillator strength and is believed to be responsible for the observed absorption of thiophenoxy near 300 nm. Given that this is a highly excited electronic state of thiophenoxy with a manifold of lower-lying excited states, there are likely to be facile nonadiabatic pathways to the ground state via one or more conical intersections, leading to rapid internal conversion to the ground state. Population of the ground state prior to dissociation is further supported by the angular distributions which were found to be isotropic at each photon energy. Unfortunately, there are no electronic excited states above 5 eV known for thiophenoxy that can be assigned to excitation at 193 nm (6.4 eV) and 157 nm (7.9 eV).
CONCLUSIONS
We have studied the photodissociation dynamics of thiophenoxy at 248, 193, and 157 nm by the means of fast beam coincidence translational spectroscopy. Our experiment yields the primary photochemistry for thiophenoxy photodissociation including the product branching ratios and translational energy distributions. SH loss and CS loss channels were identified as the major dissociation channels at each dissociation energy with S loss becoming more competitive at 157 nm. Electronic structure calculations show that on the ground electronic state, SH and S loss have no exit barrier with respect to final products. By contrast, the CS loss pathway, which occurs through multiple reactive intermediates and transition states, has a small exit barrier (0.21 eV) between the final transition state and separated products. The measured translational energy distributions and product branching ratios are consistent with internal conversion to the ground electronic state followed by statistical dissociation.
